The reconfigurable power electronic converters (RPECs) are a new generation of systems, which modify their physical configuration in terms of a desired input or output operation characteristic. This kind of converters is very attractive in terms of versatility, compactness, and robustness. They have been proposed in areas such as illumination, transport electrification (TE), eenewable energy (RE), smart grids and the internet of things (IoT). However, the resulting converters operate in switched variable operation-regions, rather than over single operation points. As a result, there is a complexity increment on the modeling and control stage such that traditional techniques are no longer valid. In order to overcome these challenges, this paper proposes a kind of switched polytopic controller (SPC) suitable to stabilize an RPEC. Modeling, control, numerical and practical results are reported. To this end, a 400 W positive synchronous bi-directional buck/boost converter is used as a testbed. It is also shown, that the proposed converter and robust controller accomplish a compact, modular and reliable design during different working configuration, operation points and load changes.
Introduction
Power electronic converters (PECs) are used in applications where an efficient energy conversion is required by using solid-state devices [1] . The application range can differ from a fraction of a Watt to millions of Watts, and several disciplines interact in its different development stages (modeling, control, numerical simulation, implementation design, and performance evaluation) such as electric circuits, digital electronics, computer-aided design, control theory, among others [2] . Nowadays, there is an interest to develop portable and high-power density PECs, which has resulted in a new trend of PEC called Reconfigurable PECs (RPECs). Examples of those systems can be found in different applications, for instance:
5. Internet of things (IoT): An RPEC focused on low cost and low size power supply was reported on [41] .
It can be noticed that, besides its final application, motivations to develop this kind of PEC relies on one or more of the following characteristics: (a) versatility; (b) compactness; (c) robustness against load variation; and (d) significant input and output changes.
However, the design of an RPEC implies a significant increment of control complexity. This last, due to that the converter does not stabilize anymore in operation points over a single operation region, instead, it must stabilize in operating points over operation regions that switch over time [42] . To this end, some authors had proposed several control syntheses such as intelligent [43] , linear quadratic [44] , passivity-based [45] by pulse adjustment [46] and hybrid controllers [47] . These techniques deal with local solutions (decoupled for each operation region) and not with a global one, which, in implementation terms, implies decoupling strategies and delays. Notice from now on that an RPEC can be analyzed as a polytopic switched system (PSS) [48] in order to gain global results.
One of the first uses of the polytopic representation was for modeling and controlling a diesel engine in several operation modes [49] . Silva et al. reported about sliding mode controllers, from a polytopic perspective, to cope with uncertainties in mathematical models and applied the analysis to an aircraft [50] . In [51] , the authors performed a stability analysis for networked control systems using a polytopic system applied to a batch reactor. Huang et al. reported a polytopic parameter-varying model applied to a flexible air-breathing hypersonic vehicle; they divided the system into sub-regions, proposed a controller for each sub-region and switched between them to get closed-loop asymptotically stable local systems. A similar approach applied to unmanned aerial vehicles was reported in [52] , but in both cases, the polytopic subsystems were considered adjacent simplifying the stability analysis. The case of asynchronous polytopic switching was addressed on [53] for a highly maneuverable vehicle; in such paper only numerical simulations were reported. A step-forward was reported on [54] , where the robust fault-tolerant tracking control case, for a nonlinear networked system under asynchronous switching was investigated. After, the stability of a switched linear system with polytopic uncertainties applied to a servomechanism system was reported on [55] .
The case of a switched linear parameter varying (SLPV) system was reported on [56] . In this paper, a new finite time stability condition and a robust finite time controller were reported. The analysis and controller considered the case of an SLPV system with two dissimilar uncertainty modeling assumptions, that they used to benchmark the attitude control of bank-to-turn missiles. On another hand, an SLPV with bounds on control and state was addressed in [57] . This paper reported the controller synthesis and closed-loop stability under polytopic uncertainties for three numerical examples.
A stability analysis using Lyapunov functions for a PEC modeled as a polytopic switched system was early reported in [58] . The idea of a polytopic black box modeling, applied to an unregulated DC bus and a Flyback DC-DC converter, was introduced in [59] including numerical and practical results. The main idea was to get local models validated at different operation conditions by using a nonlinear interpolation, the local models were interlaced by means of their adjacent operating point. A black-box large-signal stability analysis based on Lyapunov was reported on [60] . In such paper, constant power loads in a microgrid are considered, and results show that the stability region achieved by this method was analogous to analytical linear methods, but the resulting analysis is comparatively complex. A further step in the modeling of RPEC was given in [61] , where a DC-polytopic model was reported, and numerical results of the switching behavior in the black box model were reported. A related analysis applied to smart grid was proposed in [62] ; in this paper just simulation results for a PV, battery and grid converter was considered. A non-linear behavior modeling, based on a look-up table and a polytopic structure, was reported on [63] . In such paper, the cascade and parallel configuration connected to an electronic load was modeled in terms of their G-parameters; numerical and experimental results are presented for two commercial DC-DC converters.
It can be noticed that most of the above works are contributions related to PECs and not to RPECs, which is the main contribution of this work. In this paper, a switched polytopic controller for the RPEC reported in [64] is proposed. This RPEC was developed to provide a unique, low-cost, and stable solution to several problems arising in Electric Vehicles and smart grid scenarios. For example, in an EV it is desirable a single solution to driving the power from the battery to the main motor (Mode I), or from a fuel cell (mode II), recharge the battery when regenerative braking is active (Mode III), slow recharge of the battery (Mode IV), and fast charge when a high voltage is available (Mode V). This topology involves less components than separated solutions to each of the mentioned problems. The proposed converter and controller accomplishes a compact, modular and reliable design. The operation principle is analyzed at different working operation modes using idealized waveforms, fixed frequency, and continuous conduction mode. In addition, it is also shown numerical and practical results obtained with a 400 W testbed prototype.
Modeling
The proposed RPEC has two input voltages V a and V b in addition to the battery which also acts as a storage element. By managing a switching strategy, the power flow between a source and the battery/load is possible, as well as bidirectionally between the battery and the load. The circuit topology of the converter is shown in Figure 1 . There are three switches allowing conduction to each of the sources and the load, and five power switches. The possible switching combinations that are able to perform result in five operation modes. These are modeled as follows. 
Mode I (Buck)
In Figure 2 is shown the schematic diagram for the Mode I; the circuit corresponds to a well known Buck converter when S1, S2, Sc, Sx and Sd are open and S3 is closed. Sa and Sb are switched alternately and voltage E is supplied to the RLC branch at high frequency when a non-zero voltage at RL is needed. Mosfets Sa and Sb are modeled as variable resistances (Figure 3 ) with smooth transitions from very high to very low resistance and vice versa. This is, when the Mosfet Sa is in conducting state, activated by a proper gate signaling, a very low resistance Ra(t) between their switch terminals (Drain-Source) is presented, while the Mosfet Sb is in a non-conducting state, by a proper gate signaling, such that resistance between their switching terminals Rb(t) is of a high value. Analogously, when Mosfet Sb is in conducting state, the resistance between their switch terminals is low, while the resistance between switching terminals of Mosfet Sa is high.
The transitions are alternately modulated at a fixed frequency (PWM) in continuous mode with dead-time, which depends on the characteristic switching times of the Mosfets, and it is considered for the analysis as negligible; this is, in order to avoid their simultaneous conduction (Figure 3 ). In such idealization, the voltage supplied to the RLC branch can be taken as the average V 1 (t) of a smooth time function (Figure 4) :
where
This is, as the Mosfets are modeled as variable resistances, the voltage V 1 (t) is obtained from a resistances arrangement that can be seen as a voltage divider of E, and u 1 (t) represents the PWM duty-cycle. Note that the values of the real resistances depend on the electronic device (Mosfet) and cannot be set by u (unless an averaged point of view were used); this is only an idealization to perform the modeling of the circuit and the only modifiable parameter is the PWM duty cycle. The equations that describe the dynamic behavior are:
Note that the System (3), (4) coincides with the well known averaged model of the buck converter ( [65, 66] , et al.) as well as with the following dynamic models of this section. The equivalent representation in state space is:
T denotes the matrix transpose operation and
In the following, the model (5) is addressed as nominal since in this work all of the model parameters are considered time varying values. Using parametric ranges of uncertainty, a polytopic description is obtained as follows: consider that
Then, a Linear Parameter Varying system (LPV) representation is:
.., 8}; this is, matrices A 1 (t) y B 1 (t) are polytopic in the following sense:
∀t is known as a simplex and θ ∈ R 8 or equivalently: In other words, the system is now represented/rewritten as a polytopic one, and now the variation ranges are of unitary values of θ i (simplex) instead of the full range of each parameter. Such construction is necessary to perform the stability analysis in the following sections. The matrices in the right side of (10) are known as vertexes. Similarly for B 1 (t): 
Mode II (Boost)
In Figure 5 is shown the equivalent schematics for the Mode II, this is when S1, S2, Sa and Sb are open and Sx and S3 are closed. Sc and Sd are switched alternately integrating a Boost configuration ( Figure 5 ). As in the previous section, the Mosfets Sc and Sd are modeled as variable resistances with smooth transitions from very high to very low resistance and vice versa. The transitions are alternately modulated at a fixed frequency (PWM) in continuous mode with a time-out as described previously. In such idealization, the voltage supplied to the RLC branch can be taken as the average Vi(t) of a smooth time function (Figure 4 ), but now:
where u(t) is a smooth function, u(t) : R → U y U : {z|z ∈ [0, 0.85]} (the maximum duty cycle is the 85%). The state space representation is:ẋ
A polytopic system is built similarly to the previous section:
where u 2 
Mode III (Buck)
The proposed converter can operate bidirectionally with respect to the Mode II. In such scenario, RL is replaced with a DC power source v RL (e.g., regenerative braking) and the battery E can be charged. In this work, the battery is modeled as a variable-value (bounded) resistance R E (t), and the regenerative voltage is considered greater than the battery voltage E; such scenario constitutes a simple charge scenario for lead-acid batteries, and even for other types with a smart charger. The equivalent circuit for this configuration is obtained when S1, S2, Sa and Sb are open and Sx and S3 are closed. Sc and Sd are switched alternately integrating a Buck configuration ( Figure 6 ) and the nominal system as obtained in Section 2.1 is:
and
A polytopic system is built similarly to Section 2.1 : Figure 6 . Mode III converter.
Mode IV (Buck)
The proposed converter can be used with an additional DC power source (Va) to provide energy to the load R L using the same Buck converter of Section 2.1; this is, when S2, Sx, Sc and Sd are open and S1 and S3 are closed the resulting nominal configuration (Figure 7 ) is described by an analogy to (5) system:
A polytopic system is built similarly to Section 2.1 : 
Mode V (Cascade Buck)
In Figure 8 is shown the resulting cascade buck converter configuration obtained when S1 and S3 are open and S2 and Sx are closed. The power source Vb is considered of a higher value than the battery voltage E and this mode is used to do a fast-charge of the battery; the battery is modeled as a resistance with variable (bounded) value R E (t). As in Section 2.1, the Mosfets are again modeled as variable resistors with smooth alternate transitions ( Figure 9 ). Voltage in Rb(t) can be calculated as ( Figure 10 ):
and analogously the voltage in Rd(t):
where V C1 is the voltage in C1. If the Mosfets are considered of the same characteristics and that are activated and deactivated in pairs (S a with S c and S b with S d ) then:
where u 5 (t) represents the average of the resistances divisor over the time. Equations that describes the dynamic behavior are:
and using the following variable change
the model is equivalently represented by:
Note that the above system is bilinear and in this point it is not possible to build a polytopic system. However, linearization in different operating points is performed for posterior control design and stability study. Multiple linearizations are performed instead of only one in order to describe more accurately the bilinear system. Please consider u 5 -dependant linearizations, this is, for the operating point u 5 = u 50 , x = [x 10 , x 20 , x 30 , x 40 ] the resulting linearization is:
For the operating point u 5 = u 51 , x = [x 11 , x 21 , x 31 , x 41 ] the resulting linearization is:
and successively for n desired linearizations.
A criterion for the recommended number of linearizations is not available in literature; in this work, is proposed to use n > 10. This number is obtained by numerical appreciation: when stability margin has no noticeable improvement with respect to the number of linearizations (see Section 3.5).
The obtained system is a switched linear system, and each linearization is then considered as a LPV system and finally as a polytopic system. Therefore the switched polytopic system can be written as:
where 1 ≤ i ≤ n denotes the number of the active linearization ∀t. Note that u 5 is unique for the entire switched polytopic system.
Controller Design
In the following, the dynamic models obtained in Section 2 are used to obtain robust control laws for each converter mode and a global stability criterion. In this work, economy and easy implementation are fundamental; a voltage feedback is used in all of the modes. Proportional-Derivative controllers are used in order to provide of flexibility in its behavior in comparison with other control strategies as Sliding Modes ( [65] ).
Controller Design for the Mode I (Buck)
The control objective for the design of the Buck controller of Section 2.1 is to design a controller such that stability of the trajectories of the System (7) is ensured for parametric variation within specified design ranges. Consider:
The polytopic system is calculated as:ẋ
where the matrix of the nominal system A 1,R is:
Without loss of generality the origin is considered the equilibrium point, note that a variable change can be performed in order to achieve it. Stability of a polytopic system can be ensured by the following result: Proposition 1. [67] Quadratic stability of System (42) is equivalent to the existence of a P ∈ R 4×4 symmetric, positive definite matrix satisfying:
where · ≺ 0 denotes a definite negative matrix.
In other words, it is enough to prove that all of the systems built with each vertex (in the following vertex is used to identify a system built with a vertex) are stable using a Common Lyapunov Function (CLF) to ensure that the polytopic system is quadratically stable even under arbitrarily fast parameter variation. Consider the CLF candidate:
The time derivative along the trajectories of each vertex has the form:
. Note that the controller gains k 1 and k 2 can be selected such that V < 0 for all vertex of the polytopic system. Existence of the CLF allows to conclude that the system trajectories of the polytopic System (42) are quadratically stable for adequate values of k 1 and k 2 even under arbitrarily fast parameter variation within the design range.
Controller Design for the Mode II (Boost)
The control objective for the design of the Buck controller of Section 2.2 is to design a controller such that stability of the trajectories of the System (15) is ensured for parametric variation within specified design ranges. Consider:
The polytopic system is calculated as:
where the matrix of the nominal system A 2,R is: 
Consider any vertex denoted by:
matrix A 2,v is Hurwitz since determinant of the first minor (|M1|) is negative and determinant of the second minor (|M2|) is positive (α and β are negative) and existence of a Lyapunov Function is ensured by Theorem 4.6 of [68] . Existence of the CLF allows to conclude that the system trajectories of the polytopic System (15) are quadratically stable for adequate values of k 1 > 0 and k 2 > 0 even under arbitrarily fast parameter variation within the design range.
Controller Design for the Mode III (Buck)
The control objective for the design of the Buck controller of Section 2.3 is to design a controller such that stability of the trajectories of the System (18) is ensured for parametric variation within specified design ranges. As mentioned in Section 2.3, the proposed converter can operate bidirectionally with respect to the Mode II. When RL is replaced with a regulated DC power source v RL the battery E can be charged; in this work the battery is modeled as a resistance with variable value R E (t) and the regenerative voltage is considered greater than the battery voltage E. The equivalent circuit for this configuration is obtained when S1, S2, Sa and Sb are open and Sx and S3 are closed. Sc and Sd are switched alternately integrating a Buck configuration such that controller design and stability analysis is similar to the proposed in Section 3.1. The resulting controller is:
where the matrix of the nominal system A 3,R is:
As in Section 3.1 with similar CLF the time derivative along of any vertex of the System (56) is:
Existence of the CLF allows to conclude that the system trajectories of the polytopic System (56) are quadratically stable for adequate values of k 1 and k 2 even under arbitrarily fast parameter variation within the design range.
Controller Design for the Mode IV (Buck)
The control objective for the design of the Buck controller of Section 2.4 is to design a controller such that stability of the trajectories of the System (21) is ensured for parametric variation within specified design ranges. As mentioned in Section 2.4, the converter can be used with an additional DC power source (Va) to provide energy to the load R L using the same Buck converter of the Section 2.1; the controller design and stability analysis is similar to the proposed in Section 3.1. The resulting controller is:
where the matrix of the nominal system A 4,R is:
As in Section 3.1 with similar CLF the time derivative along of any vertex of the System (60) is:
Existence of the CLF allows to conclude that the system trajectories of the polytopic System (60) are quadratically stable for adequate values of k 1 and k 2 even under arbitrarily fast parameter variation within the design range, and multiple linearizations.
Controller Design for the Mode V (Cascade Buck)
The control objective for the design of the Buck controller of Section 2.5 is to design a controller such that stability of the trajectories of the System (40) is ensured for parametric variation within specified design ranges. Stability of the switched polytopic system can be ensured using the Theorem 1 proposed in [69] and is equivalent to find a CLF for every vertex of every linearization. Consider:
It follows that the closed loop system for some vertex of some linearization is:
Consider the Lyapunov candidate 2V
x 2 4 , the time derivative along trajectories of the system is:
From Figures 9 and 10 , related voltages and currents are positive (in continuous conduction mode) such that x 1 , x 2 , x 3 , x 4 > 0. Recalling that x 4 < x 2 , and u 50 ≤ 1,V < 0 if: RC 2 k 10 < k 9 < 0, and
Existence of the CLF allows to conclude that the system trajectories of the polytopic switched Systems (64)-(67) are quadratically stable for adequate values of k 9 and k 10 even under arbitrarily fast parameter variation within the design range.
Global Stability
In this section, the global stability of v R , for the switching between all the forward load supply modes is studied; Some considerations are performed to this end as follows.
Since Mode V is designed for a fast, and off-line battery recharge, a slow switching dynamic can be considered (the delay to change to this mode is considerably larger than the switching between the other online modes) allowing to decouple its dynamics from the global switching stability considerably simplifying the analysis.
The switching between the Mode III and any other mode, in a real implementation scenario, must be performed considering the discharge of L 2 in order to avoid current peaks that the electric/electronic components possibly cannot support.
In order to show the global stability, first a similar structure for all the modes is proposed and second it is proposed a CLF that ensures the result. Consider any vertex of the Mode 1, substituting (3) in (4)
Using (41)
With a variable change y = [y 1 ,
and using a CLF candidate
with c I > 0, follows that time derivative along trajectories system:
(75)
Substituting (76) in (77) the stability conditions, in congruence with those of Section 3.1 are:
where c I is a real number c I > 0. For any vertex of the Mode II it is possible to use the same (74) CLF structure and the resulting stability conditions are:
where c I I is a real number c I I > 0. For any vertex of the Mode III, v R turns in a power source with voltage RE such that stability of voltage v R is guaranteed with the same (74) CLF.
For any vertex of the Mode IV it is possible to use the same (74) CLF structure and the resulting stability conditions are:
where c IV is a real number c IV > 0. The previous stability conditions for all of the modes, allows to perform an integration of all conditions in a single condition for each controller gain:
and if the following conditions are accomplished
where i stands for the vertex, m ∈ {I, I I, IV} stands for the mode constant, p ∈ {1, 2} stands for referring to an inductor and V s ∈ {E, V a } stands for the source voltage. Note that under the aforementioned conditions, the stability on output voltage v R is ensured even under fast parameter variation; however, the switch from Mode III to Modes II/V (and vice versa) must be performed considering the discharge of L 2 in order to avoid current peaks.
Simulations
In this section, representative simulations for the modes is presented. Simulations are performed in Simulink with a switching frequency of 50 kHz and an integration time of 100 ns. Maximum duty cycle is established in 85% and nominal values are R = 30 Ω, L 1 = L 2 = 14.91 mH, C = 50 µF with variation ranges for controller design of ±20%. In Figure 11 is shown a comparative of the output voltage v R against a fast change in the value of R L , with a setpoint of ten volts, in 3 cases: open loop, using a sliding modes controller, and with the proposed controller. A comparative for the voltage v R in Mode I (buck), the load resistance is alternated to 40 Ω every 10 ms and the output voltage is compared open loop vs. sliding modes vs. present robust PD controller. Note that robust PD allows to modify controller gains in order to obtain a response without overshoot. In Figure 12 is shown simulation data for the in Mode II controller (boost), with changes on set point and load; again, the robust PD response avoids the overshoot. In Figure 13 is shown simulation data for the in Mode V controller (cascade buck), the load resistance is alternated to 40 Ω every 10 ms and the output voltage is compared open loop vs sliding modes vs present robust PD controller. Note that robust PD allows to modify controller gains in order to obtain a response without overshoot. 
Experimental Behavior
In order to illustrate the functioning of the control, experiments are performed with the schematic shown in Figure 1 implemented with low-cost components, a MICROCHIP dsPICDEM 1.1 Plus board, an interface circuit, power supplies and an electronic load. The resulting PCB is illustrated in Figure 14 . The dsPICDEM has a DsPIC30F6014 chip running at 29,400 MIPS; this chip is a low-cost DSP (about $5 USD) and it can operate with a minimum of external components since oscillator is integrated on-chip, only a voltage regulator and a couple of capacitors are required for reducing this stage (for production purposes).
For the experiments, two representative modes with their respective tests were selected. For the former test, Mode II (Boost) is used with a 50 V input voltage E while the reference is set to 55 V. The controller gains are manually tuned ever selected to accomplish with the Conditions (86) and (87). Abrupt R L resistance value modifications are performed starting with 200 Ω to 3 Ω and to 100 Ω reaching consumption peaks of 400 W. In Figures 15 and 16 are shown the oscilloscope and electronic load captures respectively; ripple is higher when the load decreases as expected but note that the average voltage suffers only a 2 V drop and that there are no undesirable effects, even while load value changes.
In the later test, Mode I (Buck) is used with a 24 V input voltage E while the reference is set to 10 V. Under similar test conditions, the voltage drop is about 2 V as illustrated in Figure 17 . 
Conclusions
In the present work, a reconfigurable DC-DC converter with a Polytopic/Robust PD controller design is presented. This bidirectional converter can be used in EV applications as a single solution to power distribution since includes a special battery recharge mode for regenerative charging and also for high voltage charging mode for a fast recharge.
In comparison with other control schemes, the controller gains can be adjusted and a stability of output voltage analysis is presented in order to claim a quantifiable robust behavior in face of parametric uncertainty and abrupt set point/load changes. Further, the stability of the output voltage between modes switching is also presented and implementation of the control can be analog or digital and of low cost. An experimental testbed is presented in order to illustrate the controller performance.
The main objective of this paper is to establish the low-level stability to the setpoint and the stability between the switching of modes; in such scenario, a higher level supervisor with an optimal energy management algorithm must be capable of sending appropriate commands and the design of such supervisor is out of the scope of this paper. As a future work, a higher level supervisor that order the levels of setpoint and the module that must be active at a specific time, for an EV case will be presented. 
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